Introduction
The absorption of incident radiation plays a very important role in many photonic applications such as photodetectors, photovoltaics, sensors and absorbers [1] [2] [3] , therefore, designing layers which absorb the incident light effectively has spurred significant research activity. As a type of artificial material, photonic crystals (PCs) are very successful in controlling the flow of light because of the existence of the photonic band gap and the presence of localized modes at the defects [4] . PC-based designs have been very effective at controlling the absorption of light across the electro magnetic spectrum. So far, several studies have been done on this subject using PCs as back-reflector components [5] [6] [7] or directly as the absorptive medium [8] [9] [10] [11] . For example, Lin et al [8] , observed a 50% optical absorption in a metallic photonic crystal absorber. In [11] , Devarapu et al, utilized compact PC structures constructed from strongly absorbing media and achieved more than 92% absorption. Very recently, Wen et al [12] proposed a tunable metamaterial absorber by using 2D plasma PCs with excellent absorption of up to 84.3%. Moreover, preparing hybrid structures with PCs can also lead to the enhancement of absorption because the optical properties of these hybrids can radically differ from those of the individual elements. For instance, hybrid structures based on graphene and PCs as well as photonic quasi crystals have been intensively studied in order to achieve effective optical absorption by the structures [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] .
In this paper, we combine vanadium dioxide (VO 2 ) as a phase change material with one-dimensional (1D) PCs to obtain enhanced absorption. It should be noted that many methods have been developed to fabricate 1DPC based on top-down as well as bottom-up construction routes [26, 27] . VO 2 , a dark blue crystalline material, experiences two distinct phases of semiconductor and metal below and above a critical temperature of 68 °C, respectively [28] . The phases of VO 2 can be described by the filling fraction parameter ( f )-the fraction of the VO 2 that exists in the metal phase-so that f is 0 and 1 for the insulator and metal phase, respectively, and f is between 0 and 1 during the phase transition. In practice, the phase transition of VO 2 can be induced by thermal means such as a temperature-controlled pad [29] . An interesting result of the phase transition of VO 2 which makes it an appropriate candidate for use in active optoelectronic devices is due to the significant change of its electric and optical properties [30, 31] . The insulator-to-metal phase transition in VO 2 is accompanied with abrupt decrease in the infrared (IR) transmittance while maintaining transmittance in the visible range [32] .
Many different studies have been focused on nanostructures containing VO 2 . Recently, Kocer [33] proposed that a VO 2 -based thin film of absorber can provide a large level of absorption tunability from 17% to 83% in the near-IR region. Kocer et al [34] showed that by heating up hybrid gold-VO 2 nanowire and also nanodisc arrays to a temperature of >80 °C, they were able to tune the absorption from 90% to 20% and from 96% to 32%, respectively. Liang et al [35] prepared a metamaterial electromagnetic wave absorber based on the structure of Au triangular arrays embedded in VO 2 . An absorption peak of 56.2% was obtained upon the VO 2 phase transition from metal to dielectric. Also, Liang et al [36] presented a photonic nanostructure composed of VO 2 and SiO 2 ordered nanosphere arrays. Their structure exhibited visible transmittance tunability, which would provide insights into glass color changing in smart windows. The optical response of a semiconductor quantum dot (QD) hybridized with a VO 2 nanoparticle was investigated by Hatef et al [37] . It is shown that controlling the filling fraction leads to the enhancement or suppression of the QD's linear absorption which has potential applications in thermal sensors. Pradhan et al [29] reported two principle absorption bands based on a thermally switchable tri-layer metamaterial absorber consisting of an array of gold micro-disks separated from a plasmonic ground plane of ITO by a thin film of VO 2 . This first and second absorption band arises from the metamaterial resonance and a Fabry-Perot resonance, respectively. Zamani et al [38] presented the electromagnetically induced transparency (EIT) mechanisms in a system consisting of a VO 2 nanoparticle and a three-level V-configuration QD. In their model, a probe and a control field derive exciton trans itions separately. They demonstrated that EIT appears on the absorption spectrum of the QD when VO 2 is in the semiconductor phase, and disappears in the metallic phase of VO 2 . Liu et al [39] designed a metamaterial absorber with W/VO 2 square lattice structure. It is shown that the absorber is polarization-independent and exhibits wide-angle absorption. Experimental reflection measurements are also carried out using an infrared microscope (Bruker Hyperion 2000) and the Fourier transform infrared spectrometer (Bruker Vertex 70) equipped with liquid nitrogen cooled mercury cadmium telluride and mid-IR source [40] . Additionally, several theor etical and experimental works in VO 2 -based structures have been reported in the literature which indicate utilizing of this material for a variety of applications such as sensors, absorbers and thermal information processing [41] [42] [43] . With these features as inspiration, we theoretically design a new hybrid nanostructure composed of VO 2 and a 1DPC to obtain enhanced absorption in the near-IR region. The influence of the filling fraction parameter on light absorption is discussed. We found nearly total absorption in the structure for both semiconducting and metallic VO 2 by adjusting the thickness of this material. The outline of this paper is organized as follows: the theoretical model and method are presented in section 2; the numerical results and discussions are analyzed in section 3; and the conclusions are summarized in section 4.
Theoretical model and method
A schematic diagram of our considered nanostructure is shown in figure 1 , where the VO 2 layer is prepared on top of a 1DPC formed by alternating two dielectric layers A and B. We suppose that light is incident at an angle θ from the top of the whole system. The relative permittivity and thickness of the constituent layers of the structure are denoted by ε j and d j ( j = VO 2 , A, B), respectively. The complex dielectric function of VO 2 can be described by the Maxwell-Garnett effective medium theory as [44] : where f is the filling fraction that models the phase transition of VO 2 . ε s and ε m stand for the dielectric function of VO 2 in the semiconductor and metallic states, respectively, which are modeled as [45] :
Here, ε n (i∞) = 4.26, ω ∞ = 15 eV, ω p, n = 3.33 eV, γ n = 0.66 eV and ε n (i∞) = 3.95. and ω represent reduced Planck's constant and angular frequency of light, respectively. The other parameters in the above equations are given in [45] .
To calculate the absorption spectra in the proposed structure, we employ the well-known transfer matrix method [46, 47] . According to this method, using the electric and magnetic boundary conditions, the transfer matrix of each layer is given as
where k zj = (ω/c) ωε0εj for the TM wave in which ε 0 and µ 0 are the permittivity and permeability of the vacuum, respectively. The net transfer matrix of the structure, M net , which connects the incident electric field (magnetic field) to the transmitted one for TE (TM) wave, satisfy the following form
where N is the number of periods in the PC, and M int and M out are defined as
where p 0 = cos θ/cµ 0 , p sub = Kz ,sub ωµ0 for the TE mode and
for the TM mode. Finally, absorption, A, can be obtained as
where M ij is a component of the net transfer matrix and
) for TE (TM) mode. 
Results and discussion
Throughout this work, the PC layers A and B are taken to be SiO 2 and TiO 2 which are repeated for 10 periods. It should be noted that 1DPCs consisting of TiO 2 and porous SiO 2 are also fabricated [48, 49] . The refractive indices are n A = 1.46 and n B = 2.31 with quarter wavelength optical thicknesses at a central wavelength of 1000 nm i.e. d A = 171 nm and d B = 108 nm. The substrate is assumed to be usual glass with n sub = 1.5. Figure 2(a) shows the absorption of the structure as a function of light wavelength for the two VO 2 phases, semiconductor (f = 0) and metal ( f = 1), with thickness of d VO2 = 35 nm under normal incidence. The chosen VO 2 layer thickness is based on our optimization for the maximum absorption in the metallic phase of VO 2 and is explained at the end of the paper in figure 5 . Here, VO 2 act as a defect layer of the 1DPC and therefore due to the presence of the defect mode and localization of electric filed at the position of defect layer, the enhanced absorption is achieved. Since we aim to utilize our structure in potential absorber applications, we focus on the band gap formation wavelength range of PC, i.e. 800 nm <λ < 1200 nm in the near-IR range. It is seen that there is sensitivity to the state of VO 2 , so that the maximum absorption of the structure is about 0.83 at the wavelength of λ = 1170 nm in the semiconductor phase, and, interestingly, it increases to near-unity in the metallic phase at the wavelength of λ = 1024 nm. That is, the absorption peak (resonance) wavelength decreases by about 146 nm when the filling fraction changes from 0 to 1. Note that since the constituent layers of the PC are lossless, all the absorption in our nanostructure is completely related to the thin film of VO 2 . In fact, changing the temperature controls the refractive index of the VO 2 and consequently changes the optical response of the structure. As a result, the phase transition alters the absorption peak as well as the peak wavelength in our designed hybrid nanostructure. To better display the phase transition behavior, the absorption on the plane of filling fraction and wavelength is also demonstrated in figure 2(b) . As indicated from this figure, the absorption of the structure depends on the wavelength and filling fraction of VO 2 . Considering the wavelengths within the band gap range around 1000 nm, the filling fraction is a key factor that controls the absorption peak value. Nearly total broadband absorption occurs during the insulator to metal phase transition which is due to completely suppressing the reflectance and transmittance by destructive interference at the position of the defect mode. Figure 3 displays the influence of the filling fraction on absorption at oblique incidence 30° and 60° for TE-and TM-polarized incident light. Like the case of normal incidence, a blue-shift in the peak wavelength occurs as the filling fraction increases. Also seen in figures 3(a) and (b), when the filling fraction increases to a value of 0.5, the absorption peak reaches approximately 100% which is highly desirable in absorber applications. This feature requires a temperature increase from room temperature to around 63 °C where the phase transition from semiconductor to metal begins. However, beyond f = 0.5, the peak absorption remains almost constant. Additionally, the absorption peaks are decreased by increasing the incident angle from 30° to 60° which is significant for the TM mode. Actually, the optical path length penetrated in 1DPC becomes longer for the larger oblique incidence that is the reason for decrease of absorption. To further illustrate this, figure 4 depicts the absorption spectra as a function of the incident angle from 0° to 90° for TE and TM polarizations at f = 0 (a) and f = 1 (b). As one can see in this figure, the maximum absorption is achieved in the metallic phase of VO 2 for each angle of incidence (also seen in figure 3) . Furthermore, there is sensitivity to the polarization state of the incident light, so that the absorption peaks for the TE mode are higher than the corresponding TM mode at each angle of incidence higher than 30°. The physical interpretation of this behavior can be understood from the fact that, for the TE mode, the electric field is always parallel to the VO 2 layer, while for the TM mode, it contains both parallel and perpendicular components. This also is the reason for the decrease in TM-polarized absorption with an increase in the incident angle.
In the next stage, the influence of the VO 2 layer thickness on the absorption behavior is investigated. Figure 5 displays absorption spectra as a function of d VO2 for f = 0 (a) and f = 1 (b) at normal incidence. As indicated in figure 5(a), one can achieve an extremely high absorption (more than 0.9), by using a thicker layer of semiconducting VO 2 (d VO2 > 1200 nm). On the other hand, for the metallic phase, high absorption of more than 0.9 can be obtained by preparing thin films of VO 2 , i.e. 20 nm < d VO2 < 70 nm (see figure 5(b) ). In other words, when the VO 2 layer thickness (optical path length) changes, the position of the defect mode corresponding to the absorption peak varies. Therefore, there is the possibility of achieving nearly complete absorption at room temperature by depositing a thick VO 2 layer on top of a 1DPC. If we prepare a thin film of VO 2 , then total absorption will require an increase in temper ature until it undergoes the transition to the metallic phase. As a result, the enhanced absorption requires an appropriate choice of filling fraction and thickness of VO 2 layer.
Conclusion
In summary, we theoretically showed the possibility of almost perfect near-IR absorption in a 1DPC incorporating a thin film of VO 2 which exhibits an insulator-metal phase transition near 68 °C. This transition can be controlled by thermal means and is well described by a filling fraction factor. We show how the absorption peaks of the nanostructure can be altered by varying this factor. The results indicate that the semiconductor to metal phase transition leads to approximately complete absorption in the proposed nanostructure along with blue-shifting at the resonance wavelength. Moreover, the dependency of absorption on incidence angles shows higher values for the absorption peak in the metallic phase than the semiconducting phase. In addition, it is found that absorption is sensitive to TE/TM polarizations, so that its peak value for the TE mode are higher than those of TM mode. Finally, the VO 2 -thicknessdependent absorption peaks also represent the possibility of obtaining nearly total absorption for a semiconducting thick film of VO 2 . These properties may open new opportunities for designing VO 2 -based nanostructure absorbers.
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